Methods
We compared the prognostic value of glycated hemoglobin and fasting glucose for identifying adults at risk for diabetes or cardiovascular disease. We measured glycated hemoglobin in whole-blood samples from 11,092 black or white adults who did not have a history of diabetes or cardiovascular disease and who attended the second visit (occurring in the 1990-1992 period) of the Atherosclerosis Risk in Communities (ARIC) study.
Results
The glycated hemoglobin value at baseline was associated with newly diagnosed diabetes and cardiovascular outcomes. For glycated hemoglobin values of less than 5.0%, 5.0 to less than 5.5%, 5.5 to less than 6.0%, 6.0 to less than 6.5%, and 6.5% or greater, the multivariable-adjusted hazard ratios (with 95% confidence intervals) for diagnosed diabetes were 0.52 (0.40 to 0.69), 1.00 (reference), 1.86 (1.67 to 2.08), 4.48 (3.92 to 5.13), and 16.47 (14.22 to 19.08) , respectively. For coronary heart disease, the hazard ratios were 0.96 (0.74 to 1.24), 1.00 (reference), 1.23 (1.07 to 1.41), 1.78 (1.48 to 2.15), and 1.95 (1.53 to 2.48), respectively. The hazard ratios for stroke were similar. In contrast, glycated hemoglobin and death from any cause were found to have a J-shaped association curve. All these associations remained significant after adjustment for the baseline fasting glucose level. The association between the fasting glucose levels and the risk of cardiovascular disease or death from any cause was not significant in models with adjustment for all covariates as well as glycated hemoglobin. For coronary heart disease, measures of risk discrimination showed significant improvement when glycated hemoglobin was added to models including fasting glucose.
Conclusions
In this community-based population of nondiabetic adults, glycated hemoglobin was similarly associated with a risk of diabetes and more strongly associated with risks of cardiovascular disease and death from any cause as compared with fasting glucose. These data add to the evidence supporting the use of glycated hemoglobin as a diagnostic test for diabetes. F asting glucose is the standard measure used for the diagnosis of diabetes in the United States. 1,2 Historically, glycated hemoglobin has been recommended only for the determination of glucose control among persons who have already received the diagnosis of diabetes. New clinical practice recommendations from the American Diabetes Association advocate the use of glycated hemoglobin in the diagnosis of diabetes, largely on the basis of the established association between glycated hemoglobin and microvascular disease. 3 Compared with fasting glucose, glycated hemoglobin has several advantages as a diagnostic test: it has higher repeatability, [4] [5] [6] can be assessed in the nonfasting state, and is the preferred test for monitoring glucose control. 1 Longterm prognostic data are also useful for informing diagnostic cutoff points for asymptomatic conditions, and there is evidence that elevated glycated hemoglobin values may be a risk factor for macrovascular disease.
This study was designed to characterize and compare the relationships between values of glycated hemoglobin and fasting glucose and the risk of diabetes, coronary heart disease, ischemic stroke, and death from any cause in a large community-based cohort of middle-aged adults who did not have a history of diabetes. We also investigated whether the association of glycated hemoglobin with newly diagnosed cardiovascular disease could be explained by the intervening development of diabetes. We hypothesized that glycated hemoglobin would be superior to fasting glucose as an indicator of risk for the development of diabetes and cardiovascular disease and for death, with possible differences on the basis of race or ethnic group. Blacks who have diabetes are well known to have higher glycated hemoglobin values than their white counterparts; the same disparity holds among nondiabetic adults. [7] [8] [9] [10] However, the clinical implications of these disparities are unknown, and few data exist on glycated hemoglobin and outcomes among blacks.
Me thods

Study Population
The Atherosclerosis Risk in Communities (ARIC) study is a community-based prospective cohort study of 15,792 middle-aged adults from four U.S. communities. The first examination of participants (visit 1) took place during the 1987-1989 period, with three follow-up visits taking place, each approximately every 3 years. 11,12 Visit 2 (during 1990 11,12 Visit 2 (during -1992 , attended by 14,348 participants, was the only visit for which stored whole-blood samples were available for measurement of glycated hemoglobin; this was the baseline visit in the present study. We excluded participants who identified themselves as other than white or black, as well as those who had self-reported diabetes or use of diabetes medication (as recorded during visit 1 or visit 2), or a history of cardiovascular disease (as recorded during visit 1 or visit 2) or a validated cardiovascular event between visit 1 and visit 2 or who were in a nonfasting state or had missing data. Our final sample size was 11,092 persons. Institutional review boards at each clinical site approved the study protocol, and written informed consent was obtained from all participants.
Measurement of Glycated Hemoglobin
We thawed and assayed frozen whole-blood samples collected at ARIC visit 2 for the measurement of glycated hemoglobin using high-performance liquid chromatography (with the use of the Tosoh 
Assessment of Diabetes
The serum glucose level was measured by means of the hexokinase method. We used two definitions of newly identified diabetes: a visit-based definition and an interview-based definition. Visitbased diabetes was defined according to a standard time-to-diabetes definition based on glucose measurements, a self-reported diagnosis of diabetes, or medication use for a maximum of 6 years of follow-up. 13 Interview-based diabetes was defined on the basis of a self-reported diabetes diagnosis or diabetes medication use during the ARIC visits and subsequent annual telephone calls for a maximum of 15 years of follow-up.
Other Variables of Interest
Plasma lipid level, 14-17 body-mass index (BMI), waist-to-hip ratio, 18 and blood pressure 19 were measured according to the published methods. Hypertension was defined as the average of two bloodpressure readings at the visit (with systolic blood pressure having a cutoff point of 140 mm Hg or The ascertainment of deaths and classification of cardiovascular events are detailed elsewhere. 21, 22 Briefly, potential cardiovascular hospitalizations were reported annually by participants and also identified through community-wide hospital surveillance. Trained personnel abstracted hospital records related to possible cardiovascular events. 22 Silent myocardial infarctions, as detected by means of electrocardiography during the visits, were identified and recorded. We defined newly diagnosed coronary heart disease as a definite or probable myocardial infarction, a death from coronary heart disease, a cardiac procedure, or electrocardiographic evidence of a silent myocardial infarction. We also examined definite or probable ischemic stroke. Adjudicated follow-up data for cardiovascular events were available up to January 1, 2006.
Statistical Analysis
Baseline characteristics of the study population (from ARIC visit 2) were calculated both overall and according to categories of glycated hemoglobin values (<5.0%, 5.0 to <5.5%, 5.5 to <6.0%, 6.0 to <6.5%, and ≥6.5%). Adjusted hazard ratios and corresponding 95% confidence intervals were estimated with the use of Cox proportional-hazards models. The three core models were as follows: Model 1 was adjusted for age, sex, and race. Model 2 was adjusted for age, sex, race, low-density and high-density cholesterol levels, triglyceride level, BMI, waist-to-hip ratio, hypertension, family history of diabetes, education level, alcohol use, physical activity, and smoking status. We evaluated models 1 and 2 with regard to either the glycated hemoglobin categories (called models 1a and 2a) or standard fasting glucose categories (<100, 100 to <126, and ≥126 mg per deciliter [5.6, 5.6 to <7.0, and ≥7.0 mmol per liter, respectively]) (called models 1b and 2b). Finally, model 3 was adjusted for all the variables in model 2 plus either the baseline fasting glucose level (model 3a) or the baseline glycated hemoglobin value (model 3b).
The glycated hemoglobin category of 5.0 to less than 5.5% had the largest number of participants (4950) and was used as the reference category. To assess the continuous associations between the glycated hemoglobin value and clinical outcomes in the models, we generated piecewise linear splines with knots corresponding to the glycated hemoglobin cutoff points used in this study; we also implemented restricted cubic splines to obtain a smoother fit to the data. Model discrimination was assessed with the use of Harrell's C statistic. 23 We tested for interactions with race and sex. To investigate whether a diagnosis of diabetes made before a cardiovascular event or death could explain potential associations with glycated hemoglobin, we conducted analyses in which cases of diagnosed diabetes occurring before the event of interest were censored. We also conducted analyses examining the association of each outcome with the baseline glycated hemoglobin value after excluding persons with a fasting glucose level of 126 mg per deciliter or higher at either ARIC visit 1 or 2. To assess whether glycated hemoglobin was associated with a risk of the outcomes across categories of fasting glucose at baseline, we conducted analyses of combined categories of glycated hemoglobin and fasting glucose. To evaluate the overall improvement in risk classification for the addition of glycated hemoglobin to fully adjusted models including fasting glucose, we calculated the net-reclassification-improvement statistic and the integrated-discrimination-improvement statistic. 24 All reported P values are two-sided. They are not adjusted for multiple comparisons.
R esult s
Baseline characteristics of the study population, both overall and according to the glycated hemoglobin category, are shown in Table 1 . Glycated hemoglobin and fasting glucose levels at baseline were highly correlated (r = 0.73). Participants with elevated glycated hemoglobin levels were more likely to be black than white, and to have fewer years of education, and to have an adverse lipid profile and a higher BMI and were less likely to be current drinkers than to have formerly or never used alcohol. As documented in previous studies, in our nondiabetic population, blacks had significantly higher mean glycated hemoglobin values (5.8%) than whites (5.4%) (P<0.001).
The median follow-up time was approximately 14 years. More than 80% of the participants at- (8, 56, 112, 185 , and 338 persons with a glycated hemoglobin category of <5.0%, 5.0 to <5.5%, 5.5 to <6.0%, 6.0 to <6.5%, and ≥6.5%, respectively) were excluded from the visit-based analysis examining the risk of diabetes with the use of fasting glucose levels during the first 6 years of follow-up but were included in the interview-based analysis of diagnosed diabetes during the 15 years of follow-up. ‡ Race was self-reported. § The body-mass index is the weight in kilograms divided by the square of the height in meters. ¶ Baecke's physical-activity index is measured with the use of a questionnaire about leisure-time sports activities developed by Baecke et al. 20 The scale ranges from 1 to 4, with a score of 4 indicating the greatest activity. tended each clinic visit, and retention of ARIC participants during the follow-up period was high (>90%). During the first 6 years of follow-up, 620 participants were identified as having diabetes, according to the visit-based diabetes definition. During the full 15 years of follow-up, 2251 participants reported a diagnosis of diabetes or use of diabetes medication (the interview-based definition of diabetes), there were 1198 validated cases of coronary heart disease and 358 valida ted cases of ischemic stroke, and 1447 participants died. The crude cumulative 15-year incidence (calculated as the incidence proportion) of self-reported diabetes was 20%. (See the Supplementary Appendix, available with the full text of this article at NEJM.org, for a discussion of self-reported diabetes vs. verified diabetes.) The cumulative incidence of diagnosed diabetes was 6%, 12%, 21%, 44%, and 79% among participants with a glycated hemoglobin value of less than 5.0%, 5.0 to less than 5.5%, 5.5 to less than 6.0%, 6.0 to less than 6.5%, and 6.5% or higher, respectively. The incidence rates (per 1000 person-years) are shown according to the category of glycated hemoglobin in Figure 1 . The adjusted hazard ratios (and 95% confidence intervals) of the 6-year risk of visit-based diabetes and 15-year risk of the other outcomes are shown in Table 2 according to the category of glycated hemoglobin. A baseline glycated hemoglobin value of less than 5.0%, as compared with a value of 5.0 to less than 5.5%, was associated with approximately half the risk of visit-based or diagnosed diabetes (hazard ratios for each outcome in models 1 and 2, approximately 0.50). Additional adjustment for the fasting glucose level (in model 3a) attenuated this association, but the glycated hemoglobin category remained strongly associated with diagnosed diabetes. We also observed significant trends of an increasing risk of coronary heart disease, ischemic stroke, and death from any cause with higher levels of baseline glycated hemoglobin. These associations persisted even after adjustment for fasting glucose (model 3a). Figure 2 depicts the adjusted hazard ratios for diagnosed diabetes, coronary heart disease, stroke, and death from any cause and the baseline glycated hemoglobin category -per each absolute increase of 1 percentage point in the glycated hemoglobin value. There was no evidence of a threshold value of glycated hemoglobin for diagnosed diabetes, but there was evidence for a possible threshold for the risk of coronary heart disease. There was no significant association between the glycated hemoglobin value and the risk of coronary heart disease at glycated hemoglobin values of less than 5.0%, but as compared with that category, glycated hemoglobin values of 5.5% or higher were associated with a hazard ratio for coronary heart disease of 1.38 (95% confidence interval [CI], 1.22 to 1.56). For death from any cause, we observed a J-shaped association. Participants with glycated hemoglobin values in the lowest category (<5.0%) had a significantly higher risk of death from any cause as compared with those with glycated hemoglobin levels of 5.0 to less than 5.5% (Table 2 and Fig. 2) . In post hoc analyses, the J-shaped association persisted after the exclusion of participants with anemia, adjustment for hematocrit level and mean corpuscular volume, and the exclusion of deaths that occurred during the first 3 years of follow-up (data not shown). In analyses censoring data for persons who received a diagnosis of diabetes during the follow-up period, the associations remained significant between glycated hemoglobin and coronary heart disease, stroke, and death from any cause.
The fasting glucose categories were associated with the risks of outcomes in the minimally adjusted models, but these associations were attenuated after adjustment for other risk factors (Table 3) . As compared with a baseline fasting glucose level of less than 100 mg per deciliter, a level of 100 to less than 126 mg per deciliter was associated with diagnosed diabetes (hazard ratio, 2.31; 95% CI, 2.06 to 2.59) but not with coronary heart disease (hazard ratio, 1.03; 95% CI, 0.91 to 1.18), ischemic stroke (hazard ratio, 0.97; 95% CI, 0.76 to 1.23), and death from any cause (hazard ratio, 1.07; 95% CI, 0.96 to 1.21) after adjustment for covariates (model 2b) (Table 3) , whereas undiagnosed diabetes (defined as a fasting glucose level of 126 mg per deciliter or higher at baseline) was significantly, independently associated with the development of coronary heart disease (hazard ratio, 1.29; 95% CI, 1.04 to 1.61), ischemic stroke (hazard ratio, 1.89; 95% CI, 1.33 to 2.69), and death from any cause (hazard ratio, 1.31; 95% CI, 1.07 to 1.61). After additional adjustment for glycated hemoglobin in model 3b, there was no significant association between fasting glucose category and the risk of coronary heart disease, ischemic stroke, or death from any cause. Among the 10,069 participants with a fasting glucose level of less than 126 mg per deciliter at visit 1 and visit 2, the glycated hemoglobin category was similarly associated, in model 3b as compared with models 1b and 2b, with diagnosed diabetes, coronary heart disease, stroke, and death from any cause ( Table 2 in the Supplementary Appendix).
We also assessed the associations of three categories of glycated hemoglobin (<6.0%, 6.0 to <6.5%, and ≥6.5%) with the risks of outcomes among participants stratified according to the fasting glucose category (<100, 100 to <126, and ≥126 mg per deciliter) ( Table 3 in the Supplementary Appendix). The glycated hemoglobin categories of 6.0 to less than 6.5% and 6.5% or higher were significantly associated with all outcomes within each fasting glucose category, with the association increasing with higher glycated hemoglobin categories. In contrast, if the glycated hemoglobin value was less than 6.0%, fasting glucose was not significantly associated with coronary heart disease, ischemic stroke, or death from any cause.
There was no significant interaction between sex and glycated hemoglobin category for any of the clinical outcomes (P>0.20 for all interactions). There was also no significant interaction between race and glycated hemoglobin value regarding the risk of coronary heart disease, ischemic stroke, or death from any cause (P>0.80 for all interactions). However, race did appear to modify the association between the glycated hemoglobin value and the risk of diagnosed diabetes during 15 years of follow-up (P = 0.007 for interaction), but there was no interaction between race and the association between glycated hemoglobin value and the 6-year risk of visit-based diabetes (P = 0.81 for interaction). As compared with whites, blacks had lower adjusted hazard ratios for reporting a diagnosis of diabetes during the 15 years of follow-up, within each category of glycated hemoglobin. A similar interaction was also observed between race and fasting glucose level regarding the risk of self-reported diabetes (P = 0.01 for interaction).
The net-reclassification-improvement and integrated-discrimination-improvement statistics for diagnosed diabetes and coronary heart disease were significantly improved with the addition of glycated hemoglobin (modeled continuously) to the model of fasting glucose (as a continuous variable) and other covariates (see the Supplementary Appendix).
Discussion
Among the people in the United States who do not have a diagnosis of diabetes, over 2.4 million have a glycated hemoglobin value higher than 6.5% and 7 million have a value higher than 6.0%. 7 Our findings show that people with a glycated hemoglobin value of 6.0% or higher are at high risk for the development of diabetes, even after adjustment for other risk factors and independently of baseline fasting glucose levels. We also observed that glycated hemoglobin is a marker of cardiovascular risk. In this nondiabetic population, glycated hemoglobin remained associated with cardiovascular disease and death even after we accounted for baseline fasting glucose levels; in contrast, fasting glucose was not significantly associated after adjustment for the glycated hemoglobin value. We also demonstrated improved risk reclassification for coronary heart disease with the inclusion of glycated hemoglobin in fully adjusted models, suggesting that glycated hemoglobin may be superior to fasting glucose for characterizing longterm risk.
Glycated hemoglobin values reflect the 2-to-3-month average endogenous exposure to glucose, including postprandial spikes in the blood glucose level, and have low intraindividual variability, par- ticularly in persons without diabetes. 4, 25 These characteristics may contribute to the superiority of glycated hemoglobin over fasting glucose for long-term macrovascular risk stratification.
Recommendations for the diagnosis of diabetes are based on the relations of fasting glucose and glycated hemoglobin with microvascular disease, typically retinopathy. 1,3 Nonetheless, cardiovascular disease is the leading cause of illness, death, and hospitalization in persons with diabetes. 26, 27 Our data suggest that glycated hemoglobin values in the normal range can identify persons at increased risk for coronary heart disease, stroke, and death before the diagnosis of diabetes, indicating that glycated hemoglobin is a useful marker of cardiovascular risk and death from any cause. The J-shaped relation between the glycated hemoglobin value and the risk of death from any cause suggests that further exploration of the health risks associated with the low-normal glycemic state and possible nonglycemic determinants of glycated hemoglobin is warranted.
As in the present study, the literature has documented an increase in cardiovascular risk with increases in glycated hemoglobin values within the nondiabetic range. [28] [29] [30] [31] [32] [33] [34] [35] [36] We have previously shown (using a case-cohort design) associations of glycated hemoglobin with coronary heart disease and stroke in a subgroup of the ARIC population with low fasting glucose levels (at two time points) and low glycated hemoglobin values 37 and, separately, among persons with diabetes. 38 Nonetheless, recent clinical trials have shown little benefit, and possibly some harm, of lowering the glycated hemoglobin value in patients with diabetes to prevent cardiovascular outcomes. [39] [40] [41] [42] [43] In contrast, the microvascular benefits of glucose control are well established. 44, 45 Although the causal role of glucose itself in the development of cardiovascular disease is unclear, our data demonstrate that glycated hemoglobin within the normal range can be a useful marker of cardiovascular risk. Therefore, glycated hemoglobin values exceeding 6.0% may be a clinically useful marker to identify persons at risk for the development of not only diabetes but also cardiovascular disease and death. Despite significant differences between blacks and whites in glycated hemoglobin values at baseline, race did not modify the associations between glycated hemoglobin value and cardiovascular outcomes and death in this population. We did, how- . Model 2a was adjusted for the variables in model 1a plus low-density and high-density lipoprotein cholesterol levels, log-transformed triglyceride level, body-mass index, waist-to-hip ratio, hypertension (yes or no), family history of diabetes (yes or no), education (less than high school, high school or equivalent, or college or above), alcohol use (currently, formerly, or never), physical-activity index score, and smoking status (current smoker, former smoker, or never smoked). Model 3a was adjusted for all variables in model 2a plus the baseline fasting glucose level. CI denotes confidence interval. † Visit-based diabetes was defined on the basis of elevated fasting glucose levels (≥126 mg per deciliter [7 mmol per liter]), report of physician diagnosis, or use of diabetes medication during the first 6 years of follow-up. This analysis included only the 9432 persons who had a baseline fasting glucose level of less than 126 mg per deciliter and were not missing glucose measurements during the follow-up visits. ‡ Diagnosed diabetes was defined on the basis of a self-reported diabetes diagnosis or use of diabetes medication during 15 years of follow-up. § Owing to significant nonlinearity of the data for death from any cause, the P values from the test for linear trend are not reported.
The ever, observe a significant interaction between race and diagnosed diabetes during the 15 years of follow-up (but not for the 6-year visit-based definition), revealing that blacks were significantly less likely than whites to report a diabetes diagnosis, across all categories of glycated hemoglobin. We observed a similar race interaction for baseline fasting glucose level and subsequent diagnosis of diabetes. Thus, higher values of glycated hemoglobin in nondiabetic blacks as compared with nondiabetic whites might be partially explained by delays in diagnosis. Our findings do not support the use of race-specific glycated hemoglobin cutoff points for the identification of persons at risk for diabetes, cardiovascular disease, or death. Important limitations of this study include the reliance on single glycated hemoglobin and glucose measurements at baseline, a limited number of fasting glucose measurements during the follow-up period, and the lack of validation of selfreported diabetes for the 15-year analyses. Nonetheless, among sensitivity analyses comparing diabetes definitions based on fasting glucose level, medication use, and self-reported information - The hazard ratios are per each absolute increase of 1 percentage point in the glycated hemoglobin value at baseline. The shaded area is the 95% confidence interval from the restricted-cubic-spline model. Both models are centered at the median (5.4%) and the plot was truncated at the 2.5th and 97.5th percentiles of glycated hemoglobin (4.7% and 6.8%, respectively). The hazard ratios were adjusted for age, sex, and race (black or white), low-density and high-density cholesterol levels, log-transformed triglyceride level, body-mass index, waist-to-hip ratio, hypertension (yes or no), family history of diabetes (yes or no), education (less than high school, high school or equivalent, or college or above), alcohol use (currently, formerly, or never), physical-activity index score, and smoking status (current smoker, former smoker, or never smoked). The data are shown on a natural-log scale.
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The New England
In this community-based study population of black or white nondiabetic adults, glycated hemoglobin was superior to fasting glucose for assessment of the long-term risk of subsequent cardiovascular disease, especially at values above 6.0%. Such prognostic data may add to the evidence supporting the use of glycated hemoglobin as a diagnostic test for diabetes.
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